Photodissociation of bromine on the Br 2 ͑ 1 ⌸ u ͒ state is probed with ultrafast extreme ultraviolet ͑53.7 nm͒ single-photon ionization. Time-resolved photoelectron spectra show simultaneously the depletion of ground state bromine molecules as well as the rise of Br͑ 2 P 3/2 ͒ products due to 402.5 nm photolysis. A partial photoionization cross-section ratio of atomic versus molecular bromine is obtained. Transient photoelectron spectra of a dissociative wave packet on the excited state are presented in the limit of low-power-density, single-photon excitation to the dissociative state. Transient binding energy shifts of "atomic-like" photoelectron peaks are observed and interpreted as photoionization of nearly separated Br atom pairs on the Br 2 ͑ 1 ⌸ u ͒ state to repulsive dissociative ionization states.
I. INTRODUCTION
High order harmonic generation 1 provides ultrafast extreme ultraviolet ͑XUV͒ light pulses with photon energies up to several keV ͑Ref. 2͒ and pulse time durations in the range of picoseconds to attoseconds. 3 XUV light pulses allow single-photon ionization of valence and core electrons from time-evolving excited states as well as ground state systems. In contrast, multiphoton ionization typically allows probing the excited state only in a detection window that has a favorable ionization probability, such as an inner or outer turning point of a molecular wave packet or the resonant ionization of atomic products. XUV photoionization is not limited to a specific configuration of the excited state, making it a more general probe of dynamics. In earlier works, Nugent-Glandorf et al. 4,5 demonstrated photoelectron ͑PE͒ spectroscopy of dissociating Br 2 molecules using XUV pulses. The time-resolved PE spectra show that the appearance of atomic Br valence binding energies in the PE spectrum is delayed by 40 fs with respect to a 400 nm pump pulse that initiates the dissociation. Moreover, based on the observed atomic Br atom signal amplitudes, Nugent-Glandorf et al. 4, 5 suggested a possible significant enhancement of the Br XUV photoionization cross sections with respect to the ionization of molecular Br 2 . Transient PE spectral structures were also observed and the authors assigned them as mostly due to above threshold ionization ͑ATI͒ signals, which result from intense 400 nm pulses adding the energy of one or more photons to the photoelectrons emerging from the Br 2 ground state ionization by the XUV pulse. The transient PE spectra also contain the desired single-photon ionization signals of the dissociative excited state. However, the presence of the dominant ATI signals makes it difficult to extract the excited state PE spectra and to separate the desired dissociative state dynamics from the ATI signals that occur during the time overlap of the pump and probe pulses.
In this paper, we present new ultrafast time-resolved XUV PE spectra of the dissociative Br 2 ͑ 1 ⌸ u ͒ state. The dissociative state is photoinitiated by absorption of a single 402.5 nm photon and probed by 53.7 nm single-photon ionization. By using relatively low-power densities, the new experiments avoid multiphoton phenomena, such as ATI and multiphoton excitation or ionization, which dominated the spectra in earlier studies. 4, 5 Implementation of pulse-to-pulse subtraction of background due to photoionization of the unexcited Br 2 molecules combined with the XUV photoelectron spectroscopy, allow us to efficiently probe all stages of dissociation. The several photodissociation stages are illustrated in Fig. 1 
II. EXPERIMENTAL SETUP
The previously described experimental setup 6, 7 is shown schematically in Fig. 2 . At 1 kHz repetition rate, the 805 nm, 2.9 mJ, 80 fs Ti:sapphire laser pulses are split into two arms. One arm ͑70% of the power͒ is focused into a pulsed Ar gas jet to generate high order harmonics of the fundamental 805 nm radiation. For the experiments presented here, the 15th harmonic ͑53.7 nm, 23.1 eV͒ is selected and refocused by grazing incidence optics; a spherical grating in zeroth order and a toroidal grating in first order direct the beam to the interaction region. The other arm ͑30% of the power͒ is doubled in a beta barium borate ͑BBO͒ crystal to produce up to 180 J pulses at 402. 5 beam at approximately a 1.5°angle in the interaction region. For the experiments reported in this manuscript, both the XUV and 402.5 nm pulses are vertically polarized at the interaction region. The 402.5 nm beam is weakly focused by an 800 mm lens at a position ϳ100 mm behind the interaction region. The weak focusing conditions limit the power density at the interaction region to well below 10 12 W/cm 2 , in contrast to the at least ten times higher power densities used by Nugent-Glandorf et al. 5 At the interaction region, an effusive beam of Br 2 crosses the laser beams at a right angle. The energy of the emitted photoelectrons is analyzed by an ϳ1.3 m long time-of-flight ͑TOF͒ magnetic-bottle spectrometer. In order to improve the TOF spectral resolution, the electrons are decelerated by 9.5 V at the entrance of the flight tube. TOF spectra are recorded as a function of the delay time between the XUV and the 402.5 nm pulse, which is controlled by a variable delay stage. For the experiments reported here, 100 time steps with 27.5 fs intervals were recorded for overall 158ϫ 10 6 laser pulses. The background spectrum, due to ionization of the Br 2 ground state molecules by the XUV light alone, is subtracted on a pulse-to-pulse basis by blocking every other 402.5 nm pulse with a chopper that is synchronized to the laser repetition rate. The TOF spectrum is recorded simultaneously on two multichannel scalers. One scaler collects the PE spectrum due to the background from the XUV photoionization of the Br 2 sample as well as the pump-probe signal due to both lasers. The second scaler independently accumulates the pump-probe ⌬PE spectrum by actively subtracting the background counts ͑when the 402.5 nm pulse is blocked͒ from the counts due to both lasers. The wavelength of the 15th harmonic is determined by measurement of the atomic He͑1s3p͒ absorption line at 53.7 nm. Figure 3 shows the actively subtracted ⌬PE spectrum collected at long positive time delays ͑t Ͼ 200 fs͒, after the Br 2 photodissociation is complete. The ⌬PE spectrum shows negative amplitude peaks, which correspond to depletion features, as well as positive signals corresponding to ionization of photodissociation products. The Br 2 ͑X 1 ⌺ g + ͒ ground state is depleted by photodissociation, thus appearing as negative peaks in the ⌬PE spectrum. The depletion signal results from ionization of Br 2 ͑X 1 ⌺ g + ͒ by 53.7 nm photons, labeled ͑i͒ in Fig. 1 the Br 2 + ͑B 2 ⌺ g + ͒ state with a binding energy of E b ϳ 14.3 eV is not recorded due to the 9.5 V deceleration potential applied to photoelectrons at the entrance of the flight tube. A 0.3% depletion fraction of the Br 2 ͑X͒ population, probed by the XUV pulse, is obtained by dividing the total depleted ͑negative͒ counts in the ⌬PE peaks by the total Br 2 ͑X͒ counts in the nonsubtracted PE peaks. The small depletion fraction can be understood in terms of the low excitation efficiency to the dissociative state, which is due to the low 402.5 nm power density used here to avoid multiphoton phenomena combined with the moderate absorption cross section of ϳ0.6 Mb ͑6 ϫ 10 −19 cm 2 ͒.
III. RESULTS AND DISCUSSION
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The positive features, shown in Fig. 3 , arise from fully dissociated Br atoms ionized by 53.7 nm photons, labeled ͑ii͒ in Fig. 1 P 0 ͒ are not resolved in the ⌬PE spectrum. Within the experimental resolution, the branching ratios of the different final ion states are found to be in agreement with PE spectrum measurements of atomic Br samples prepared by a discharge. 9 By directly comparing the depletion of the Br 2 ͑X͒ signal with the atomic Br signal amplitudes, and assuming that the dissociation of each Br 2 ͑X͒ produces two Br͑ 2 P 3/2 ͒ atoms, we can obtain a partial photoionization cross-section ratio of ͓Br͑ 2 P 3/2 ͒ → Br + ͑ 3 P͔͒ versus ͓Br 2 ͑X 1 ⌺ g ͒ → Br 2 + ͑X 2 ⌸ g ͔͒ as 1.04± 0.05. As both depletion and Br signals are obtained simultaneously, the crosssection ratio obtained in this way is independent of sample density and of photon flux, which are the typical sources of error in cross-section measurements of unstable species. The previously reported large partial cross-section ratio of 50 reported by Nugent-Glandorf et al. 5 is not observed and could have been due to a combination of contributions of multiphoton dissociation, multiphoton dissociative ionization, as well as possible saturation of the multichannel scaler, considering the relatively high peak count rate reported in Ref. 5 . The cross-section ratio obtained here is a factor of ϳ2 higher than expected based on the previous partial cross-section measurements of Br 2 and discharge-prepared atomic Br at the He I wavelength. 9 This difference could be due to the slightly higher photon energy, here 23.1 eV, compared to the He I emission ͑21.22 eV͒. Because the photodissociation of Br 2 at 400 nm to form Br͑ 2 P 3/2 ͒ atoms occurs preferentially when the molecular axis is perpendicular to the laser polarization, 8 and an identical probe polarization is used to detect the atoms, the difference in cross-section ratio could also be partly due to the alignment of the optically prepared sample of atoms with the ionizing probe polarization. It is also possible that the earlier discharge experiments might not quantitatively detect the atoms due to their reactivity. Figures 4͑a͒ and 4͑b͒ show the transient features in the ⌬PE spectra. The black line shows the ⌬PE spectrum collected during the dissociation of the Br 2 ͑ 1 ⌸ u ͒ state ͑14 spectra from time delays of −200Ͻ t Ͻ 200 fs are summed to obtain an increased signal-to-noise ratio, while still remaining approximately within the overlap time of the visible and XUV pulses͒, while the gray line shows the ⌬PE spectrum after the dissociation is complete ͑t Ͼ 200 fs͒. Both spectra exhibit depletion of the Br 2 ground state as negative-going ⌬PE peaks. Figure 4͑a͒ shows the lower binding energy spectral region containing the excited Br 2 state. The difference between the two spectra in Fig. 4͑a͒ shows the transient ⌬PE spectral features, tentatively assigned to the ionization of the dissociative wave packet on the Br 2 ͑ 1 ⌸ u ͒ state, labeled ͑iii͒ in Fig. 1 . Considering that a 402.5 nm photon excites the system by ϳ3 eV, the ⌬PE peaks at binding energies of ϳ7.9, 10, and 11.44 eV can be tentatively assigned as ionization of the 1 10 and this is manifested as optical perturbations in Cl 2 + ͑Refs. 11 and 12͒ and structural anomalies in the Br 2 + ͑A͒ state. 10, 13 Further theoretical work is required to unambiguously assign the ⌬PE peak labeled A in Fig. 4͑a͒ . Figure 4͑b͒ shows the higher binding energy spectral region, where we observe atomic and "atomic-like" Br ⌬PE spectral peaks. The atomic-like ⌬PE peaks ͑black line͒ are collected during the dissociation ͑−200Ͻ t Ͻ 200 fs͒ and are assigned to ionization of nearly separated Br atom pairs on the Br 2 ͑ 1 ⌸ u ͒ potential curve, labeled ͑iv͒ in Fig. 1 . The atomic like peaks are shifted with respect to the atomic Br ⌬PE peaks, shown by the gray line, which is collected at long time delays after the dissociation is complete when the Br atoms are fully separated. At short time delays, the lowest binding energy peak corresponding to ionization to the Br + ͑ 3 P 2 ͒ state is shifted to higher binding energies by 30 meV. On the other hand, the peak corresponding to Br + ͑ 3 P 1,0 ͒ is shifted higher by 80 meV and the peak leading to Br + ͑ 1 D 2 ͒ is also shifted higher by about 80 meV. In fact, the Br + ͑ 1 D 2 ͒ is shifted partly outside the observed spectral region, which is limited by the applied 9.5 V deceleration of the photoelectrons at the entrance to the flight tube. It is important to note that the Br 2 depletion peak, shown in Fig.  3 is not shifted at short time delays. The fact that the peaks corresponding to the different final Br + ion states are shifted by different energies while the peaks corresponding to the Br 2 ground state are not shifted excludes the possibility that these shifts occur due to a severe chirp in the energy of the 15th harmonic, which would result in a uniform shift of all ⌬PE peaks. Also, the absence of shifts in the Br 2 ⌬PE peaks together with the low 402.5 nm peak powers used in this experiment exclude the possibility that such large shifts are due to an ac Stark shifting of the peaks at the time of overlap between the 402. 5 11,14 At shorter internuclear distances, dissociative ionization states are not expected to directly contribute to the observed Br 2 PE spectrum in this photon energy range, although they do contribute to the predissociation of the Br 2 + ͑B͒ state. 11 At longer internuclear separations, the potential curves of other dissociative ionization states approach their atomic limit from above, as illustrated by the dashed line in Fig. 1 .
11,14 Direct excitation of nearly separated Br atom pairs to dissociative states, labeled ͑iv͒ in Fig. 1 , can account for the observed transient binding energy shifts of the atoms. Depending on the slope of the dissociative ionization state, the additional binding energy required to ionize the nearly separated Br atoms is released as kinetic energy of the ionization products, i.e., Br͑ 2 P͒ and Br + ͑ 3 P 2,1,0 or 1 D͒. Figure 5 shows the time history of the different spectral features considered so far. Within the experimental resolution and signal-to-noise ratio, all the observed peaks corresponding to Br atoms have the same time dependence. The full dots show the integrated counts from the peaks corresponding to ionization to the Br + ͑ 3 P 2,1,0 ͒ states, the "x" symbols show the time-resolved depletion of the Br 2 molecule and the empty circles indicate the transient peaks at binding energies below 10 eV shown in Fig. 4͑a͒ . The corresponding lines show error function and Gaussian function fits to the data. The rise times of the atomic and depletion signals are limited by the instrumental time response of ϳ230 fs. The appearance of atomic products is delayed with respect to the overlap time of the pump and probe pulses due to the finite dissociation time. For Br 2 photodissociation, Nugent-Glandorf et al. 4 clearly distinguishable even with much longer instrumental cross-correlation times. It is interesting to note that although transient ATI signals, such as those observed by NugentGlandorf et al., 4, 5 appeared at the overlap time of the pump and probe pulses, transient signals from the short-lived dissociative state, observed here by use of much lower power density 402.5 nm pulses, are expected to be centered at the same time delay as the appearance time of the dissociation products. The Gaussian and error function fits to the appearance of the transient signals and atomic products, respectively, allow us to determine with Ͼ95% confidence that the transient ⌬PE spectral structures reported in this manuscript appear at similar time delays with the signal of the atomic products, supporting the assignment of these structures to the dissociative Br 2 ͑ 1 ⌸ u ͒ state.
IV. CONCLUSIONS
We have observed the ultrafast single-photon 53.7 nm ionization probing of Br 2 ͑ 1 ⌸ u ͒ dissociation. The presented experiments overcome contributions from multiphoton phenomena such as ATI that prevented clear interpretation of PE spectra obtained in previous studies. 4, 5 The XUV photon energy allows us to simultaneously probe all stages of dissociation, starting from the measurement of ground state depletion followed by measurements of an ATI-free PE spectrum of the wave packet excited on the Br 2 ͑ 1 ⌸ u ͒ state, detection of nearly separated Br atom pairs and fully separated Br atoms. A partial photoionization cross-section ratio of Br atoms versus Br 2 molecules is obtained. Transient binding energy shifts of atomic bromine PE peaks are interpreted as due to photoionization of nearly separated atom pairs onto dissociative ionization states.
